We evaluate the cross sections for new heavy fermion production at three Large Hadron Collider energies accurate to next-to-leading order in perturbative quantum chromodynamics. We treat the cases of pair production of heavy quarks via strong interactions, single heavy quark production via electroweak interactions, and the production of heavy leptons. Theoretical uncertainties associated with the choice of the renormalization scale and the parton distribution functions are specified. We derive a simple and useful parametrization of our results which should facilitate phenomenological studies of new physics models that predict new heavy quarks and/or leptons.
I. INTRODUCTION
Although the standard model (SM) of particle physics consists of three fermion generations, the number of these generations is not fixed by theory. Asymptotic freedom in quantum chromodynamics (QCD) limits the number of generations to fewer than nine. Neutrino counting, based on data at the intermediate vector boson Z, shows that the number of generations having light neutrinos (m ν ≪ m Z /2 ) is equal to 3. However, neutrino oscillations suggest a new mass scale that is beyond that of the SM, and the possibility of additional heavier neutrinos is open. In addition, it has recently been emphasized that the electroweak oblique parameters do not exclude a fourth generation of chiral fermions [1] [2] [3] [4] [5] [6] [7] [8] . In the era of the Large Hadron Collider (LHC), the search for heavy quarks and leptons beyond those of the SM should be kept in mind.
Observation of new heavy fermions requires knowledge of their expected production cross sections and decay properties. In this work, we present inclusive cross sections of fourth generation fermion production at three LHC energies, either in pairs or singly, calculated to next-to-leading (NLO) order accuracy in QCD. Leading order Feynman diagrams for new heavy fermion production are shown for illustrative purposes in Fig. 1 . We do not show the full set of NLO diagrams used in our calculations. Theoretical uncertainties associated with higher-order perturbative contributions and with the choice of parton distribution functions (PDFs) are specified. We show that the cross sections can be fitted with a rather simple analytic formula, and we present the functional form and values of the parameters for the heavy fermion production cross sections, and their dependence on the mass of the heavy fermion.
II. HEAVY QUARK PAIR PRODUCTION IN QCD
Heavy quarks that carry the color charge exist in many models of new physics (NP).
Examples include models with a sequential fourth generation [2, 9] , or with a vectorlike t prime (T ) [10, 11] , or with a b prime (B) [12] , or with a heavy top quark partner [13] [14] [15] [16] .
According to their physics motivation, the NP models can be further categorized into two classes. In the first group, heavy quarks are introduced to explain discrepancies between data and SM predictions. In the second, heavy quarks are essential to solve theoretical problems. For example, in Little Higgs models [13] , the heavy top partner cancels the quadratic divergence in the quantum corrections to the Higgs boson mass associated with the SM top quark loop. The phenomenology of heavy quark identification at the LHC has been studied extensively [17] [18] [19] [20] [21] [22] [23] [24] [25] .
Similar to the top quark in the SM, heavy quark Q can be pair produced via the strong interaction processes,→ g → QQ and gg → QQ, where g denotes a gluon. In this work we assume the coupling g-Q-Q is the same as the gluon-quark interaction in the SM. The cross section for a different coupling strength can be obtained easily from our results by rescaling. In Fig. 2 (a) we plot our calculated NLO inclusive cross sections for QQ production at the LHC for three choices of the proton-proton center mass (c.m.) energy. 1 The square symbol denotes the results of our exact NLO calculation whereas the curve is drawn from the simple fitting functions discussed below. As shown by the ratios presented in Fig. 2(b) , an increase in the c.m. energy from 7 to 14 TeV can enhance the total cross section markedly, depending on the value of m Q . The values of the standard model parameters used in our calculations are found in Appendix A.
There are uncertainties in the predicted NLO cross sections associated with the choices of the renormalization scale (µ R ) and the factorization scale (µ F ) and with the choice of the PDFs. We elect to use the CTEQ6.6M PDFs [30] for our evaluations. Other sets of PDFs are available, notably the MSTW [31] and NNPDF [32] sets, and one might use these sets in addition to the CTEQ6.6M set to compute a range of predictions. All of these PDF sets include an analysis of the uncertainties in the PDF determinations associated both with uncertainties in the data used in the global fits and with the choices of theoretical expressions used to fit the data. A comparison may be found in Ref. [31] . In this paper, we compute the PDF uncertainty (at 90% C.L.) from the master formula in Eq. (2.5) in Ref. [30] , using all 44 sets of the CTEQ6.6M package. For heavy quark production at the large masses we are considering, the PDF uncertainties arise primarily from the valence quark PDF where different PDF sets tend to agree better than they do for gluon distributions.
In Fig. 2 (c)-2(e) we display the uncertainties associated with the choices of PDFs and the renormalization/factorization scale. 2 The uncertainties are portrayed relative to the cross section with the best-fit PDF by the bands in Fig. 2 . The PDF uncertainties are relatively large because the mass of the heavy quark requires that the PDFs be sampled in regions where they are relatively unconstrained. The PDF uncertainties decrease with increasing c.m. energy.
The uncertainties in the NLO cross section associated with the renormalization scale (µ R ) and factorization scale (µ F ) are shown in Fig. 2 . These uncertainties can be considered as an estimate of the size of unknown higher-order contributions. In this study, we set µ = µ R = µ F and vary it around the central value of µ 0 = m Q , where m Q is the mass of the heavy quark. Typically, a factor of 2 is used as a rule of thumb, and we display curves with µ = 2µ 0 and µ = µ 0 /2. In Figs. 2(c)-2(e) we plot 1 + σ(µ i )/σ(µ 0 ) as a function of m Q . The cross sections vary between about −10% for µ = 2µ 0 and +10% ∼ 15% for µ = µ 0 /2. We note that the scale dependence at the three energies is insensitive to m Q . It is comparable to the PDF uncertainties in the region of relatively small m Q but is much smaller than the PDF uncertainties in the region of large m Q .
We find that our calculated cross sections can be fitted well by a simple three parameter analytic expression:
where the units of σ and m Q are picobarn (pb) and TeV. The variation with respect to the reference cross section (corresponding to µ = m Q ) gives the NLO scale dependence ∆ µ (m Q ).
The values of ∆ µ , and coefficients A, B, C are listed in Table I . Our results are presented in the form
where σ(µ 0 ) is our prediction at the scale µ 0 . The cross sections at the scale µ 0 /2 and 2µ 0 read as σ(µ 0 /2) = σ(µ 0 ) + ∆σ(µ 0 /2) and σ(2µ 0 ) = σ(µ 0 ) + ∆σ(2µ 0 ), respectively.
As is evident in Fig. 2(a) , the fitting function and parameters in Table I provide an excellent representation of the calculated cross sections over the range of heavy quark masses 2 For the scale dependence, ∆σ/σ 0 is defined as (σ(µ i ) − σ(µ 0 ))/σ(µ 0 ), while for the PDF dependence ∆σ is defined as ∆σ = 1/4
where where σ ± i denotes the upper (lower) cross section for the ith eigenvector of the PDF sets and n = 22 for CTEQ6.6M PDF sets. The PDF uncertainties are then plotted as 1 ± ∆σ/σ 0 where σ 0 stands for the cross section of the averaged PDF set. This definition applies to all other figures with cross section uncertainties. shown in the figure. We caution that the expression should not be used outside this range.
One could extend the region of applicability of a fit to lower mass, say down to the top quark mass, by simply increasing the number of terms in the polynomial expression. In Appendix B we extend our fit of the cross sections for heavy quark pair production to cover the wider mass range, 250 to 700 GeV. We also present a tabulation showing our exact NLO calculation and our fitted results. The numerical comparison shows that our fitted values agree with the exact calculations well within 1%. Interested readers may contact the authors for accurate fitting functions that cover the mass range from the top quark mass to 4 TeV.
One reason more terms may be needed in a polynomial expression is that processes with initial state gluons play an important role in pair production of relatively light quarks. As shown in Fig. 3 , at √ s = 7 TeV, the gluon initial state contribution dominates over the quark initial state when m Q < 550 GeV; at √ s = 10 TeV when m Q < 750 GeV; while at √ s = 14 TeV when m Q < 1 TeV. For relatively light quark production, say m Q < 300 GeV, 1/y 2 and 1/y 3 terms (y ≡ m Q /TeV) are required to fit the total cross section. In Appendix C, we explore the apparent process independence of the remarkably simple analytic expression Eq. 1 and discuss its range of applicability in the heavy fermion mass.
In view of the interest in the top quark as the heaviest of the known quarks, we provide NLO predictions of the top quark pair production cross sections in Table II at three LHC energies for a few values of m t . Our result at 14 TeV is consistent with Ref. [33] . 
III. HEAVY QUARK PRODUCTION THROUGH THE ELECTROWEAK IN-TERACTION
Heavy quark production occurs also through electroweak interactions. One example is the heavy top quark partner (T ) in the Little Higgs Model [14, 15] , which is responsible for canceling large quantum corrections to the Higgs boson mass from the SM top quark loop.
In addition to its pair production through QCD interactions, the T quark can be produced singly in association with a light quark through the processes qb → q ′ T, and′ → T b.
It may also be produced in association with a heavy B quark via the s-channel subprocess
We consider first single T quark production in association with a SM b quark via an s-channel subprocess, illustrated at leading order in Fig. 1(b) . This subprocess involves a We note that this simple parametrization fits single T production via the s-channel process very well for the three LHC energies. The fitting parameters are presented in Table I . The cross section for single T production is larger than the cross section for single T production by almost a factor 2 ∼ 3. This is due to the difference in parton densities of the colliding protons. While in both cases the antiquark is from the quark sea of one of the incoming protons, the probability that it collides with an up quark from the other proton is higher than the probability for a collision with a down quark. Since Tb and T b production exhibit similar uncertainties, we present only the results for Tb production in Figs. 4(c-e) . We note the scale dependence at the three energies is not very sensitive to m T , and it is much smaller than the PDF uncertainties in the large m T region. An increase in the c.m. energy reduces the PDF uncertainties in the large m T region sizably.
In the "sequential" fourth generation model, the heavy T and B quarks form an isodou- Table I .
Last, we consider single T quark production via a t-channel exchange diagram, illustrated at leading order in Fig. 1(c) . The production cross section is larger than in the s-channel case because it is not subject to 1/s suppression. In this calculation we adopt the so-called double deep inelastic-scattering scale proposed in Ref. [34] . Color conservation enforces a natural factorization of the scales. The fermion line in Fig. 1(c) that does not include a heavy quark probes a proton with the deep inelastic-scattering scale Q even distinguish different seesaw mechanisms [35] . For this purpose, an accurate calculation including higher-order QCD corrections is in order.
TABLE III: Coupling strengths of the gauge vertices in heavy lepton pair production for different models, where g denotes the usual weak coupling strength. Note that all the couplings are vectorlike.
We examine the following three possibilities for exotic lepton production:
where E(N) denotes the new heavy charged lepton (heavy neutrino). The interactions of gauge bosons and heavy leptons are summarized in Table III for four interesting NP models:
(1) a Majorana lepton triplet with Y = 0, (2) a Dirac lepton triplet with Y = 0, (3) a lepton isodoublet, (4) a charge singlet. The motivation for these models and more details can be found in Ref. [36] . It is worth mentioning the following properties:
• All the interactions given in the Table III are vectorlike.
• There are no ZNN interactions in the Majorana/Dirac lepton triplet model because the triplet has zero hypercharge, and NN pairs are not produced.
• A Dirac lepton triplet is formed by two degenerate Majorana triplets with opposite CP parities. As shown in Ref. [37] , the heavy lepton fields can be redefined in such a way that the Lagrangian is written in terms of two charged leptons E − 1 , E + 2 and a Dirac neutrino N. As a consequence of the presence of two charged fermions instead of only one, the total heavy lepton production cross section is twice that for a Majorana triplet. In this work, however, we consider only one flavor of charged lepton in both the Majorana triplet and the Dirac triplet.
To make our results more useful, rather than focusing on a specific NP model, we consider the following effective interaction in our numerical calculation,
where the symbol g stands for the usual weak coupling strength. Numerical results for the models listed in Table III can be easily derived from ours by simply rescaling the coupling strengths, except for the process→ γ/Z → E + E − where there are interference effects of the photon and Z boson contributions. However, since the threshold for two heavy charged leptons is much higher than the Z boson mass, the interference effects are subleading. We present separately the NLO cross sections for→ γ → E + E − and→ Z → E + E − ; the Table IV .
We also plot the NLO cross sections for the→ γ → E + E − and the→ Z → E + E − processes in Fig. 8 . Both processes exhibit similar scale and PDF uncertainties as shown in 
V. SUMMARY
We present NLO predictions for the cross sections for new heavy quark and lepton production at three Large Hadron Collider energies. We treat the cases of pair production of heavy quarks via strong interactions, single heavy quark production via electroweak interactions, and the production of exotic heavy leptons. Theoretical uncertainties associated with the choice of the renormalization scale and the parton distribution functions are specified.
We derive a simple and useful parametrization of our results which should assist in experimental simulations and in phenomenological studies of new physics models containing new heavy quarks and/or leptons. Note added: While finalizing the write-up of this work, we became aware of a recent paper [38] in which the t channel production of single t ′ is calculated at the LHC. Our results agree with those in Ref. [38] . works well for strong pair production of heavy quarks, as well as for electroweak single heavy fermion production and electroweak pair production of heavy fermions. This apparent process independence suggests that the heavy fermion mass dependence of the parton luminosities [40] [41] [42] is playing a dominant role.
The quark-antiquark and gluon-gluon contributions to the cross section for heavy quark pair production at hadron colliders can be written as
whereσ is the operative parton-level cross section, τ min = 4m 2 Q /s, andŝ = τ s with s being the square of the c.m. energy of LHC. In order to represent a process independent situation, we approximate the (dimensionless) square brackets by one. As a result, the only remaining effect of the heavy quarks appears in the lower limit of integration τ min . We choose µ R = µ F = m Q and use the CTEQ6.6M average PDF set.
Using Eq. C1, we generate "cross sections" as a function of m Q , and we then fit the If we try to extend our study to smaller masses than shown in Fig. 9 we find that the simple expression Eq. 1 is no longer adequate, as shown in Fig. 10(a) . When τ min is too small, we sample parton densities in the region of small Bjorken x where they grow rapidly with decreasing x. More terms in the polynomial are needed for a better fit. We can fit the gluon fusion cross section well with the addition of two more terms; see Fig. 10 
